Three specimens are described which illustrate the formation of true bone in laparotomy wounds of the epigastric region of the abdomen. The literature dealing with their occurrence is surveyed and it is found that the majority of instances (34 out of 36) occur
n laparotomy wounds made in or near the supra-umbilical part of the linea alba. Specimens in the R.C.S. Museum are enumerated illustrating heterotopic formation of bone in organs and parts which have no direct connexion with the skeletal system. An attempt is made to explain their occurrence on the traditional conception of bone-growth, namely, that it is the work of a specialized cell normally confined to the skeletal system. It is concluded that the heterotopic formation of bone cannot be explained unless it be accepted, as is now advocated by Professor Leriche, of Strassburg, that under certain states cells of tissues other than the skeletal can become osteoblastic in nature and in action-a view supported by the results of many recent experimental investigations. The view advocated here, not a novel one, is that " new " osteoblasts arise from the capillary system-especially from buds thrown out by that system when a neighbouring substaince or body has to be absorbed.
Certain necessary conditions are mentioned, but it is admitted that a full and satisfactory explanation of why supra-umbilical scars are more frequently the site of heterotopic bone formation than laparotomy scars in other parts of the abdomen has not been reached.
MY interest in the origin of bone-forming cells was reawakened by a specimen sent to the museum by Mr. J. P. Lockhart-Mummery in 1916. The specimen was a rod-like piece of bone an inch in length and one third of an inch in thickness, which had formed within the scar-tissue of a laparotomy wound. The subject from whom it had been excised was a soldier, aged 25, who had been wounded in the foot, subsequently developing a subdiaphragmatic abscess. This was opened and drained through an incision made above the umbilicus, about 4 in. in length, and near, or in, the linea alba. Thirteen weeks later, when Mr. Lockhart-Mummery had occasion to reopen the abdomen, this heterotopic piece of bone, with its surrounding scar-tissue, was excised from the depth of the old wound. The scar-tissue was bound fast to the deep sheath of the rectus abdominis, near the linea alba. In this part of the abdominal wall of certain reptilia, bony rib-like structures are formed. Had the wound reawakened some ancient ossific tendency ? Or had the wound of the foot set free in the circulation a brood of osteoblasts ? I mention these surmises to illustrate the traditional attitude of the anatomical mind towards the problem of bone formation. For, since the introduction of the compound microscope, anatomists have believed that bone can be formed by only one kind of cell, the osteoblast, and that this cell arises in, and is confined to, the skeletal system. We anatomists did not believe that bone could be produced anywhere except by cells having an osteoblastic lineage. In this paper I propose to lay before you some of the evidence which is disturbing this traditional belief.
Two years ago Mr. John Cowper sent a specimen of the kind just mentioned to the museum. The piece of bone, 2i in. long, had formed along the depth of a laparotomy wound, the scar-tissue in which it lay being fused with the deep sheath of the rectus, near the mid-line. The patient from whom Mr. Cowper removed this specimen was a man, aged 50, on whom a laparotomy had been performed nine D-S 1 months previously, the incision lying in the epigastric region to the right of the linea alba. Mr. Cowper observed that besides the larger piece of bone which came from the upper end of the scar, there were small isolated pieces of bone along the depth of the lower part of the healed wound. In this case there was no wound or fracture of bone to set osteoblasts free in the circulation. Looking into the literature on. the heterotopic formation of bone I found that the epigastric region of the belly wall is one of the most usual sites. In their maonograph1 on " traumatic osteomata," Sir Robert Jones and Mr. D. Morgan cite an epigastric case; another case was mentioned by Mr. John Morley2; a case is described by Mr. J. Berry Haycraft3; Dr. Wilfrid Newcomb exhibits to-night the microscopic section of a specimen from St. Mary's Hospital. This specimen was removed by Mr. V. Warren Low from a median supra-umbilical scar, the plate of bone being 2i in. long and 1 in. wide, and still embedded in dense fibrous tissue.
The subject from whom it was excised in March last was 26 years of age; a median supra-umbilical laparotomy had been performed twenty-five months previously. The bone lay in the upper part of the wound and was adherent to the anterior part of the sheath of the rectus. Mr. L. R. Braithwaite tells me he has seen ossificafions form in the upper part of the rectus abdominis after traumatic rupture of its fibres. Dr. Robert Didier' has publisbed recently an excellent account of bone formation in an epigastric scar, calling attention at the same time to a thesis published by Dr. Maurice Bouton,s in 1926, wherein are recorded thirty cases (including Dr. Didier's) of bone-formation in laparotomy scars. A survey of all these recorded cases shows us that the laparotomy scars in which bone is formed involve the supra-umbilical region of the two recti-the linea alba and the region crossed by fibrous intersections; that bone arises in the deep and upper part of the scar, often at several points, which unite as they grow; they occur fifteen times more frequently in men than in women, and in men over thirty more frequently than in men under thirty years of age. Whatever theory we may adopt to explain the presence of osteoblasts in laparotomy wounds during cicatrization must explain the special susceptibility of the epigastric region and of the male sex. Of the thirty cases recorded by Dr. Bouton, in twenty-eight the scar-bone lay in the epigastric region in, or near, the linea alba.6
In order to obtain light on the conditions which lead to bone formation in cicatrizing laparotomy wounds, let us make a rapid survey of the parts and tissues of the human body which are most frequently the sites of heterotopic ossification. We have no special section in the Museum of the Royal College of Surgeons to illustrate heterotopic ossification, but my colleague, Mr. Cecil Beadles, has selected specimens from various sections of the Museum to illustrate the occurrence of ossification in unusual sites. Two specimens from the eye series show the formation of bone plates in the choroid coat-collapsed eyes in which there had been plastic chorditis. From an evolutionary point of view we could understand the formation of bone plates in the sclerotic coat, but apparently this coat is immune and the choroid which I Archives of the Roentgen Rays, 1905 , 1906 . 2 Brit. Med. Journ., December 6, 1913 . 3 Lancet, April 7, 1923 Gaz. des RO pitaux, April 20,1927, 525. suffers-changed it is true, by a plastic inflammation-is one which has never been subject to an ossific process at any point of its evolutionary history. While ossification appears in laparotomy wounds before the process of cicatrization is three months old, that in the choroid is delayed. Mr. Percy Dunn1 has observed that a period of about twelve years elapses between the collapse of the eyeball and the time at which bone plates become palpable. No structure of the body is more completely isolated from surrounding bone than is the choroid coat of the eyeball. It is almost impossible to believe that ossification in this case could be set up by skeletal osteoblasts. Nor is any atavistic explanation possible, as in the case of laparotomy wounds.
In the breast series of specimens there are four which illustrate the formation of bone within the mamma. Three of these are tumours, osteo-chondro-sarcoma, osteo-chondro-giant-celled sarcoma, osteo-sarcoma (spindle celled), the fourth being a remarkable specimen presented by Sir J. Lynn Thomas. It was found in the apparently normal udder of a ewe; in shape and size it recalls the stalk of a bunch of grapes. Another of our museum specimens illustrates the formation of a dense compact piece of bone within the tonsil, but we have no specimen which exemplifies ossification within the thyroid gland, although that gland is regarded as one of the commoner sites for the appearance of heterotopic bone. Nor have we specimens to show bone formation in the wall of the aorta, or in the coats of the great arteries, or even in the fibrinous sac of aneurysms-although all of these are admittedly sites at which bone formation occurs. Nor have we specimens which show formation of bone in fibro-myomata of the uterus, in fibrous tumours of the ovary, or tQ show true bone in the lung, formed at the sites of healed cavities. We have numerous specimens showing the formation of bone in the falx cerebri and the pia-arachnoid.
I have selected these examples because they seem to support a belief, now held by many surgeons, that other cells in the body than those of a true osteoblastic lineage can, under certain circumstances, produce true bone. The late Sir William Macewen2 did not share in this belief; osteoblasts, he held, had such a strong inclination to wander that nature had found it necessary to surround each bone with a membrane they could not penetrate-the periosteum.8 If a breach was made in the periosteum then there was at once an exodus of osteoblasts into the tissues adjoining the breacb. If we accept Sir William Macewen's teaching we can offer an apparently satisfactory explanation of the majority of cases of bone formations of tramatic origin met with by surgeons. In most there is a history of a blow or tear in which we may suppose the periosteum to have been damaged, muscular fibres ruptured and blood effused and osteoblasts set free. Even if we accept this as an explanation of traumatic formation of bone in muscles we have still to explain why the brachialis anticus is much more liable to be its site rather than any other muscle of the body.
In a series of 169 traumatic osteomata cited by Sir Robert Jones,4 sixty-one were 1 Lancet, 1925 (i), p. 229. formed in the brachialis anticus, thirty-two in the quadriceps cruris, twenty-five in the adductor longus, fourteen in the biceps of the arm. It is difficult to account for such an incidence on anatomical grounds. There seems to be a particular susceptibility in the parts which are near the elbow-joint-whatever the cause of that susceptibility may prove to be. Besides, many of these bone formations are free and widely separated from any part of the skeleton. Among the specimens in the Museum of the Royal College of Surgeons are two cancellous osteomata removed from the region of the buttock, and one from loose tissue over the ischial tuberosity. Three other specimens of cancellous osteomata were excised from the upper tibial region of different subjects and were quite free from any skeletal attachment. Another osteoma removed from the extensor aspect of the carpus was not attached to any bone. To account for these free osteomata one must suppose that osteoblasts have a power of free migration, and that their journey ends when they have found a nidus suitable for their growth. If we regard osteoblasts as cells which have a power to migrate and have a tendency to exercise this power, then we can offer an explanation of many, but not all, of the phenomena, which mark the progress of generalized myositis ossificans and of those rheumatoid states characterized by the ossification of ligaments and capsules which bind one bone to another. Clearly, before discussing the manner in which bone is formed in laparotomy scars, we must see to what extent osteoblasts can migrate, or be disseminated.
Can the cells which are locked up within a piece of grafted living bone free themselves from their spaces, migrate, divide and proceed to the formation of new bone ? Sir William Macewen had no doubt that bone corpuscles could do all of these things; he gives his reasons for his belief in " The Growth of Bone," published in 1912. In their recent work' Professors Leriche and Policard declare that bone corpuscles can do none of these things. Their book is one which demands serious consideration from every surgeon and anatomist, for it is founded on minute and accurate observations extending over a period of ten years. Professor Leriche has reached the conclusion that osteoblasts do not form or deposit bone; bone is formed in an intercellular matrix, the preparation of this matrix, and the final deposition of calcium salts within it, being regulated by a " humoral influence "-the exact nature of this " influence " being at present unknown. Osteoblasts, in his opinion, resist the deposition of the calcium salts; it is only when their resistance is overcome that they suffer themselves to be immured within lamellar walls and take on the form of bone corpuscles. Once immured, they become merely passive elements, their only power being that of causing a dissolution of their prison walls, should absorption of bone occur. Such corpuscles cannot under any circumstance give rise to new bone. If the piece of bone containing them is transplanted, all the corpuscles die; the transplant merely serves as a skeleton which neighbouring fibroblasts, taking on the office of osteoblasts, will invade and replace. Ever since 1896, when Barth' published the results of his experimental investigation of bone transplantation, there have been many investigators who have come to the conclusion that the virtue of a transplanted piece of bone does not lie in its corpuscles; whether they are dead or living, the piece of bone serves its purpose equally well. A search amongst the numerous papers which have been recently contributed to the elucidation of this subject will show that for one man who believes that the corpuscles of a graft take no part in the new formation of bone, there are two who have found evidence that they do actually participate.3 But the cells which serve are not those locked up within 1 Les Probldme8 de la physiologie normal et pathologique de l'o8, Paris, 1926. 2For a complete and accurate list of the literature of experimental researches into bone growth the reader is referred to that appended to the work just cited by Leriche and Policard.
3 Among contributions made to this subject I would instance that of Mr. E. W. Hey Groves, Brit Journ. Suirg., 1917, vr 185. 304, interlamellar spaces, but those within the wider Haversian canals. It is to such cells that the term osteoblast should be restricted, but the nature of the perivasoular cells, and the question whether they should be ranked with fibroblasts, or should be regarded as having an intimate relation to vascular mesenchyme, are matters to which I shall have occasion to return.
That these Haversian corpuscles live when a piece of bone is excised and "cultivated," and that they have a power of multiplying and of emigrating, has been demonstrated by Dobrowoiskaja.' My friend, Professor C. C. Maklin,2 by utilizing various methods of vital staining, has been able to discriminate the various cellular elements concerned in the repair of experimental fractures of bone. He found that osteoblasts issue from beneath the periosteum and from Haversian canals and spaces and spread into the provisional callus between the fractured ends.
As the evidence now stands, we must conclude that osteoblasts are directly concerned in the formation of bone, that they can multiply and also migrate, but there are no grounds for supposing that they enter the circulation and give rise to bone formations such as we are now seeking to explain-osteomata formed within laparotomy scars. The evidence is all against such a supposition. It has been known for twenty years past that if the renal vessels of a rabbit are ligatured, especially if the ureter is included, calcification of the atrophic renal substances will follow and in many cases true bone will also form, particularly between the pelvic calyx and the apical substance of the kidney.3 Neuhof4 found that if a piece of fascia lata is used to mend a deficiency in the wall of the bladder, it becomes converted into true bone. In none of these cases can we suspect the presence of migrant osteoblasts. In some manner the presence of lime salts in the urine in the pelvis of the kidney and in the bladder favours the production of bone in adjacent damaged and reacting fibrous tissue. Asami and Dock transplanted pieces of the fibro-cartilage of the ear of a rabbit to the fibrous tissue of the neck, and in many instances the transplant became a nucleus for bone formation. The dead cartilage served just as well as the living. On the other hand, a piece of the xiphoid cartilage failed to elicit the formation of bone. Nageotte, on the other hand, transplanted pieces of dead cartilage into the ear of living rabbits; they became the centres of true bone formation, and yet in the ear of the rabbit there are no " professional " osteoblasts.
Do such experiments help us to understand the formation of bone in laparotomy wounds of the epigastrium ? Professor Leriche, arguing from such experiments as these and from the results he has obtained from many personal inquiries, has come to the conclusion that the fibrous tissue of any part of the body can be made to produce true bone. He holds that two conditions are essential. The first is that the fibrous tissue must be brought into a state of reaction-as in the earlier stages of inflammation-where connective tissue cells assume the role of fibroblasts and where the intereellular tissue becomes cedematous and finely fibrillar. Now such a state must occur in one stage of the healing of every wound. There should be a possibility of bone formation in every healing wound. The second condition which is necessary for bone formation is the presence of a superfluity of the salts needed in the formation of bone-this supply being in solution and bathing the fibroblastic tissue. With these two conditions in conjunction bone formation should occur-if only two conditions are needed. In a laparotomy wound, particularly one which involves the linea alba or the sheath of the rectus, one can conceive that accumulations of calcium salts might form within fibrinous deposits or necrotic patches, but such clots are not more likely to form in epigastric wounds than in those made for the removal of the appendix. In Dr. Bouton's thirty cases there was only one, following a suprapubic prostatectomy, in which the infra-umbilical part of the linea alba was the site of bone formation. Try as we will, the Leriche theory of bone formation does not give us a full and satisfactory explanation of the special liability of epigastric wounds to become the sites of bone formation. Nor does any theory of abdominal ribs help us to an explanation.
There is a third factor which Professor Leriche has considered and which deserves mention here. Robison and Soames1 have published an account of an inquiry into the physiology of bone growth, during which they found evidence of a special enzyme in bone-particularly where the process of ossification was active. This enzyme brings about an orderly precipitation of the calcium salts of the blood within newly-formed bone matrix. No one can note the changes which occur where bone is growing into and invading cartilage without suspecting an elaborate control of the living elements engaged. One surmises that the reaction which occurs at the fractured ends of a bone must be set going by means of ferments or otber substances set free from damaged tissues. Professor Leriche has given an account of one case in which he succeeded in producing bone in granulating tissue, and volunteers the statement that such an experiment is more likely to be successful if it is conducted in the tissues of a limb in which a bone has been broken. It is true that a fracture sets free calcium salts, but one may legitimately suspect that stimulating substances as well as lime salts may be set free, and may take a part in the production of heterotopic bone formation.
There is still another factor which has to be considered in elucidating the heterotopic production of bone-the relation of vascular tissue to bone production. We *can still study the various stages in the evolution of bone formation with which we are familiar in the skeletons of higher vertebrates. We may note every stage of evolution in the limb bones of living amphibia. Professor von Eggling,2 of Jena, has investigated the growth of bones in amphibia; in the earliest and oldest stage the shafts of long bones are merely cartilaginous cylinders covered by perichondrium. At a certain point of growth the deeper layer of the perichondrium, instead of continuing to produce young cartilage cells, gives rise to cells which proceed to the formation of bone, and the shaft of the cartilaginous cylindrical bone thus becomes enclosed by a shell of a peculiar rough-fibred laminated bone.
In a higher stage Professor Eggling found a vascular bud eating its way into the shell of periosteal bone and growing into the cartilaginous centre, eroding the cartilage as it grew. Round these penetrating vascular channels arose a bone, arranged in a Haversian system, concentric lamella being laid down within lamella, such lamellar bone being fine-fibred, as is often the case in heterotopic bones. Ultimately a stage is reached in the higher amphibia when the whole of the cartilage, save the articular ends, is replaced by Haversian bone; even the old primitive sheath of periosteal bone disappears and is replaced by perivascular bone. We thus return to the idea held by Haller and by Hunter that arteries, if not the actual bone builders, are an essential factor in its production. We have to apply this conception to the heterotopic production of bone.
A research upon which I place high value is that carried out by Dr. Moschcowitz I on the manner in which heterotopic ossification takes place in the human ovary. My own observations lead me to agree with him in regarding the 1 Biochem. Journ., 1924, xviii, 740 and 1355. 2Der aufban der Skeletteile, Fischer, 1918 . 3 Johns Hopkins Hosp. Bull., 1916 endothelium of capillaries, the reticulo-endothelium of the marrow, the osteoblast, bone-cell, and fibroblast as being of the same lineage, all being differentiations of the mesenchyme of the embryo. The excellent studies by Dr. Julius Rosenstirn,l of the processes which lead to the production of bone in progressive myositis ossificans support this thesis. My opinion is that it is when a vascular bud begins to absorb a foreign or dead body that the first state necessary for the production of bone comes into existence. Whether bone will be formed or not, depends on the presence of lime salts in -solution and of some other factor or factors we have not yet detected, but one of them is almost certainly of the nature of an enzyme. When the process has been initiated by osteoblasts of vascular derivation, then neighbouring fibroblasts may become altered and take on a bone-forming function.
Further, on the evidence which recent research has brought to light, we must look upon osteoblast and osteoclast as the same kind of cell, but in different physiological states. Professor Leriche and others have produced evidence of the control exercised on the growth of bone by the vasomotor system. If constituents or derivates of the capillary system are, as I believe, the main agents in the building up aDd in the removal of bone, then this vasomotor control is to be expected. No doubt there are vasomotor reflexes arising in bone which have so far passed undetected.
Professor Leriche is of opinion that there is little or no evidence that the endocrine system exercises a direct action in the growth of bones. He found that the only endocrine which gave positive and stimulating effects in the formation of bone was thyroid ektract, but no one who has studied the changes which affect all skeletal (and other) structures in cases of acromegaly, can avoid drawing the inference that somehow the pituitary gland can reawaken and speed up bone growth. Nor is there any doubt as to the elements which are stimulated; they are the osteoblasts situated at sites of growth, such as those at the chondro-costal junctions, and beneath the cartilage covering of the mandibular condyles at the sacro-iliac joints and under articular cartilage. In the skeleton-preserved in the Museum of the Royal College of Surgeons-of a man who was the subject of acromegaly for a period of twenty years, all the ribs have grown in length, the actual amount of bone added to the seventh rib at the chondro-costal junction being 44 in. (114 mm.). The sex glands also influence the growth of bones, particularly as adult years are reached. Bones become modified in sbape and structure according to the pressures and stresses which fall on them. To account for all of these properties of living bone we must regard osteoblasts, not as passive agents imprisoned in bone, as Leriche thinks, but as actively living cells which control the deposition and absorption of bone and which are sensitive and react to many kinds of stimuli-stimuli of pressure, of injury, of toxins, and of hormones.
Is the heterotopic formation of bone conditioned by movement in the site? Professor E. J. Carey 2 has shown that if the patella be excised in puppies, a new bone will be reproduced in the sutured tendon, only if the knee-joint is free and movable. Movement, in this case, is a necessary condition for bone formation. The supra-umbilical part of the linea alba is subject to continual respiratory stresses, but I do not think that movement is a necessary condition, because in parts where there are no stresses, such as the external ear and choroid of the eye, bone formation occurs. Further, heterotopic bone tends to disappear, but it is usually accepted that it disappears most quickly when the part affected is kept at rest.
SUMMARY.
In this article I have attempted to explain why true bone should occasionally be formed in the scar tissue of laparotomy wounds made in the epigastric region of the abdomen. The evolutionary history of the abdominal wall provides no satisfactory clue. Nor can we explain their presence, or the heterotopic formation of bone in other parts of the body, by attributing a migratory power to the osteoblasts of the skeletal system. To explain the occurrence of su3h formations we have to adopt the theory, strenuously advocated by Professor Leriche, that under certain circumstances an osteoblastic function can be assumed by cells of any part of the body-other than those confined to the skeletal system. Professor Leriche is of opinion that the cells which take on an osteoblastic function are the ordinary connective tissue cells or fibroblasts, while I, in common with many others, hold that the cells which assume a bone-forming r6le are derived from capillary system endothelium or reticulo-endothelium. I believe the first condition leading to the formation of bone is the presence of a substance or tissue which stimulates the neighbouring capillary system to throw out processes to bring about absorption of the body. In the invading vascular buds are cells which may become both osteoblastic and osteoclastic in their action. In agreement with others, I regard the presence of a free supply of suitable calcium salts in solution as a necessary condition for the transformation of the vascular sheath cells into osteoblasts. Further, one must presume that the presenee of an enzyme is necessary. Even when we have postulated all of these factors we still fail to explain why ossification takes place so rarely in wounds, and why those above the umbilicus should be so much more frequentlv the sites of heterotopic ossification than are infra-umbilical wounds.
Discussion.-Mr. FRANK KIDD said that in September, 1922, he had had occasion to remove a very large prostate full of small calcium carbonate stones. When being pulled through the suprapubic wound the prostate had broken and a large number of stones had escaped into the Cave of Retzius. Attempts were made to rescue all these stones, but, as events proved, three or four were left behind.
The patient returned in May, 1923, with a large osteoma in the suprapubic scar. The osteoma lay behind the recti-muscles in the Cave of Retzius and was as large as a tangerine orange. It was decalcified and examined under the microscope. Dr. Cavendish Fletcher reported that the tumour consisted of true cancellous bone.
Cases of osteoma in suprapubic scars had been reported in America, and he (Mr. Kidd) believed that they were not less common in that site than in supra-umbilical middle-line scars, but probably many of the cases had not been reported.
In the case described above several calcium carbonate stones had been found eimbedded in the centre of the osteoma. The presence of calcium salts had apparently irritated the inflamed tissues of the Cave of Retzius and induced the inflammatory cells to form true cancellous bone. He had always thought that if inflamed tissues were fed with calcium they might develop true bone.
